Rationale: It is assumed that atherosclerotic arteries contain several macrophage subsets endowed with specific functions. The precise identity of these subsets is poorly characterized as they have been defined by the expression of a restricted number of markers.
A therosclerosis is a chronic inflammatory disease of large arteries characterized by the accumulation of lipid-laden macrophages in the vascular wall. 1, 2 Lesional macrophages accumulate through different mechanisms, such as recruitment and differentiation of circulating monocytes, local proliferation, and (trans)-differentiation of vascular smooth muscle cells or local progenitors. 1 Lesional macrophages can perform a wide array of different functions that control atherosclerotic lesion development, 1, 2 and it has long been assumed that plaques contain several phenotypically heterogeneous macrophage subsets. 2, 3 Based mostly on in vitro experiments using macrophages activated with atherosclerosis-relevant stimuli combined with detection of putative macrophage subset markers in lesions, several atherosclerosis-associated macrophage populations with different functional attributes, such as M1, M2, M4, or Mox macrophages, [1] [2] [3] have been proposed to populate human and murine lesions. However, the approaches used to define these macrophage identities appear inherently biased, as in vitro stimulation of macrophages from a single source using a limited range of specific stimuli does not reflect the multiple origins of plaque macrophages and the complexity of the lesion microenvironment. 1, 2, 4 Adding another layer of complexity to the study of vascular macrophages in atherosclerosis, arteries also contain resident macrophages, but how they functionally differ from recruited macrophages and potentially contribute to plaque macrophage burden and atherosclerosis is unknown. 5 Moreover, clearly distinguishing or specifically targeting bona fide macrophages and monocyte-derived dendritic cells (MoDC), which share common progenitors, overlapping markers, and functions, represent still unresolved questions. 6 Hence, the phenotypic identity and heterogeneity of the leukocyte infiltrate in atherosclerotic arteries remains to be characterized by a global and systematic investigation of cells directly obtained from the diseased vessel microenvironment. The development of single-cell RNA sequencing 7, 8 opens the possibility to unbiasedly map cellular heterogeneity and recover cellular identities independently of a priori defined labeling strategies and can furthermore uncover previously unrecognized disease-associated cell populations or functional states, their markers, and potential molecular regulators. 7, 9 Here, we have adopted Drop-seq 8, 10 analyses and unbiased genomic classification of the total viable leukocytes (CD45 + ) from healthy and atherosclerotic aortas of lowdensity lipoprotein receptor-deficient (Ldlr −/− ) mice to discover atherosclerosis-associated aortic macrophage and MoDC populations and characterize their gene expression signature.
Methods
Detailed methods are available in the Online Data Supplement.
Single-cell RNA sequencing data are accessible in Gene Expression Omnibus under the accession number GSE97310 (Ldlr −/− data set). Other data and analytical methods are available from the corresponding authors on reasonable request.
Results
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Novelty and Significance
What Is Known?
• Macrophages are found in healthy and atherosclerotic arteries at all stages of the disease and predominate in the cellular plaque infiltrate.
• Macrophages can adopt different functional phenotypes in response to microenvironmental cues, which control vascular inflammation and atherosclerosis.
• In vitro proinflammatory and anti-inflammatory macrophage phenotypes have been described, and their markers are commonly used to infer macrophage function in atherosclerosis.
What New Information Does This Article Contribute?
• We here applied single-cell RNA sequencing to unbiasedly uncover leukocyte populations and their transcriptional landscape in healthy and atherosclerotic aortas of atherosclerosis-prone mice.
• Unsupervised clustering revealed the presence of 3 distinct macrophage populations at different time points of lesion formation and across 2 different mouse models of atherosclerosis.
• One subset of atherosclerosis-associated macrophages constitutes a previously unrecognized population characterized by high expression of the receptor triggering receptor expressed on myeloid cells 2.
It has long been postulated that atherosclerotic vessels contain different macrophage populations and that their proinflammatory and anti-inflammatory functions control lesion development. Figure 1A ; Online Figure I ). After application of quality control filters, 372 cells from control and 854 cells from diseased aortas were included in Figure 1 . Identification of atherosclerosis-associated immune cell populations. A, Schematic diagram of the experimental design. B, t-Stochastic neighbor embedding (t-SNE) representation of aligned gene expression data in single cells extracted from control (n=372) and atherosclerotic (n=854) aortas of low-density lipoprotein receptor-deficient (Ldlr −/− ) mice showing cellular origin (top) and partition into 13 distinct clusters (bottom). C, Gene expression patterns projected onto t-SNE plots of Adgre1, Cd14, Csf1r, Itgax, Cd209a, and Ly6C2 (scale: log-transformed gene expression). D, Heatmap showing the 20 most upregulated genes (ordered by decreasing P value) in each cluster defined in B and selected enriched genes used for biological identification of each cluster (scale: log2 fold change). CXCR indicates C-X-C motif chemokine receptor; HFD, high-fat diet; MoDC/DC, monocyte-derived dendritic cells/dendritic cells; NK, natural killer cells; and TREM, triggering receptor expressed on myeloid cells. the single-cell RNA sequencing analysis (Online Figure II) , and gene expression data from cells extracted from both conditions were aligned and projected in a 2-dimensional space through t-stochastic neighbor embedding (t-SNE) to allow identification of overlapping and atherosclerosis-associated immune cell populations ( Figure 1B ). Unsupervised Seuratbased clustering (see Methods section) singled out 13 distinct cell clusters ( Figure 1B through 1D Cluster 3 contained macrophages (Adgre1, Csf1r, Fcgr1, and Cd68) with expression of genes previously associated with resident macrophages (eg, F13a1, Lyve1, and Gas6) 5, 13 (Online Table I ; Figure 1C and 1D; Online Figure III) , leading us to hypothesize that these macrophages represented a resident population. We further sought to investigate differential gene expression patterns in cluster 3 cells originating from control versus atherosclerotic aortas at high resolution through single-cell differential expression analysis. Notably, this analysis revealed higher expression of Lyve1 in cells originating from control aortas, whereas cells from atherosclerotic aortas expressed more Ccr2 (Online Table  II ; Online Figure III) . These data could suggest that atherosclerotic aortas contain both bona fide resident macrophages and recruited cells that adopt a similar gene expression profile once infiltrated in the aorta. Therefore, this macrophage population is hereafter referred to as Res-like (resident-like; Figure 1D ).
Five clusters could be found almost exclusively in atherosclerotic aortas, hence corresponding to atherosclerosis-associated immune cell populations. These included CD8 + T cells (cluster 1: Cd8a, Cd8b1, and Nkg7), MoDCs/dendritic cells (cluster 2: Cd209a, Cd74, Flt3, and H2-Eb1), monocytes (cluster 6: Ly6c2, Ccr2, Csf1r, and low expression of Adgre1), and 2 populations of atherosclerosis-associated macrophages (clusters 4 and 11: Adgre1, Cd14, Fcgr1, Csf1r, and low expression of Ly6c2; Online Table I; Figure 1C Table I ). This cluster is hereafter referred to as TREM2 hi macrophage. Importantly, t-SNE projection, unsupervised clustering of single cells, and gene expression pattern analysis in leukocytes from atherosclerotic aortas alone recovered the same cell populations (Online Figure IV ; Online Table III) .
Gene Expression Heterogeneity in Macrophage Populations in the Atherosclerotic Aorta
Altogether, macrophages represented the largest cell population in the atherosclerotic aorta, constituting 28.9% of total CD45 + cells, and this cell population could be decomposed into Inflammatory (47.0%), Res-like (34.4%), and TREM2 hi macrophages (18.6%; Figure 2A ). We next sought to unravel the phenotype of these macrophage populations in atherosclerosis in detail. Although clustering analyses of the global data set had already revealed the gene expression profile of each macrophage subset relative to total aortic leukocytes, we next analyzed the specific gene expression pattern differentiating the 3 aortic macrophage populations from one another. We performed single-cell differential expression (SCDE) analyses in each macrophage subset versus the 2 others (eg, Inflammatory macrophages versus [Res-like macrophages+TREM2 hi macrophages]) and examined genes showing the most significant enrichment in expression in each population relative to the others ( Figure 2B ; Online Table IV 14 and Nr4a1
21
). Res-like macrophages expressed genes previously associated with aortic resident macrophages (F13a1 and Lyve1 5, 13 ), chemokines (Ccl24 and Ccl9), and genes associated with M2-like macrophages (Folr2, Cbr2, and Mrc1
3
). Interestingly, Res-like macrophages also showed homogenous expression of Pf4 (encoding CXCL4), a proatherogenic chemokine commonly considered as megakaryocyte/platelet specific, 22 and of Txnip (thioredoxin-interacting protein), previously linked to macrophage and VSMC (vascular smooth muscle cells) inflammatory activation and atherosclerosis. 23 Besides Trem2, TREM2 hi macrophages displayed a unique gene signature with expression of, for example, Cd9, Spp1 (encoding osteopontin), Hvcn1, and several cathepsins (Ctsd, Ctsb, and Ctsz; Figure 2B and 2C; Online Table IV) .
To further apprehend the potential functional heterogeneity of these 3 macrophage subsets found in atherosclerotic aortas, we performed gene ontology (GO) term analyses on Res-like macrophages, Inflammatory macrophages, and TREM2 hi macrophages ( Figure 3 ; Online Table V) . As expected for cells sharing a similar macrophage lineage, some biological processes were clearly overlapping, including processes related to inflammatory responses in Inflammatory and Res-like macrophages, and myeloid leukocyte activation in all macrophages. However, TREM2
hi macrophage seemed to be enriched for a particular set of functions not found in the other 2 macrophage populations, such as organic substance and cellular catabolic processes, lipid metabolic processes, regulation of cholesterol efflux, and oxidative stress (respiratory burst, response to oxidative stress; Figure 3 ; Online Table V) .
It has previously been proposed that distinct macrophage polarization states can be discriminated in atherosclerosis and that putative markers associated with these macrophage phenotypes can be used, for example, in immunohistochemistry, flow cytometry, or gene expression analyses to infer macrophage function within atherosclerotic vessels. 2, 3 In particular, M1, M2, and Mox (induced by oxidized phospholipids) macrophages are commonly considered to populate murine atherosclerotic lesions. 24 We, therefore, investigated expression patterns of typical macrophage markers in our data sets. Our analyses suggest that Inflammatory macrophages were enriched in both M1-associated genes (Il1b, Tnf, Cxcl10, Cxcl2, and Ccl2) and in the gene encoding the Mox-associated transcription factor NRF2 (nuclear factor erythroid 2 [NFE2]-related factor 2; encoded by Nfe2l2), whereas Res-like macrophage expressed M2 genes (Mrc1, Folr2, and F13a1; Figure 2B ; Online Table IV) . It should be noted, however, that most of these genes displayed heterogeneous or bimodal expression patterns within populations and an overlap between populations (Online Figure V) . For example, Mrc1 (encoding the mannose receptor, CD206) was also found in a substantial proportion of Inflammatory macrophages, and expression of Nfe2l2 clearly overlapped between the 3 macrophage populations. No clear expression patterns could be found for other Mox-associated genes (Hmox1 and Txnrd1; Online Figure V) . Although TREM2 hi macrophages showed some expression of these different markers, no clear patterns emerged that could allow assigning this population to previously proposed macrophage subsets.
Transcriptional Profile of Aortic MoDC/DC
Dendritic cells (DCs) and macrophages are thought to perform overlapping functions in atherosclerosis, and distinction of bona fide DCs from macrophages in lesions by phenotypic markers is a long-standing unresolved issue in atherosclerosis research. 6 We observed a cluster of MoDC/DC as a major atherosclerosis-associated cell population (Figure 1A through 1D;  Online Table I ), representing 14.9% of total CD45 + cells in the atherosclerotic aorta (Figure 2A) . GO term analysis of MoDC/ DC revealed enrichment of expected biological processes such as antigen processing and presentation through MHCII (major histocompatibility complex class II) or positive regulation of T-cell activation in this cluster, but also GO term patterns that we had observed in Inflammatory and Res-like macrophages ( Figure 4A ; Online Table V) .
To further uncover gene expression patterns differentiating macrophages from MoDC/DC, we performed pairwise differential gene expression analysis in total macrophages (ie, Inflammatory-macrophages+Res-like macrophages+TREM2 hi -macrophages) versus MoDC/DC, which revealed 845 and 531 genes to be significantly enriched in macrophages and MoDC/ DC, respectively ( Figure 4B ; Online Table VI) . Analysis of gene expression patterns revealed homogeneous expression of several genes in all macrophages that were absent or expressed at low levels in MoDC/DC, such as Apoe, genes encoding complement C1q chains (C1qa, C1qb, and C1qc), Mafb, and Fcgr3 ( When examining gene expression patterns in t-SNE representations, we noticed a subset of cells belonging to the MoDC/DC cluster that clearly segregated in t-SNE coordinates and showed no expression of Cd209a (Online Figure  VII) . Single-cell differential expression analysis of this small Cd209a − subset versus the main Cd209a + fraction of the MoDCs/DCs cluster revealed a highly specific gene expression signature with homogeneous expression of Ccr7 and the DC maturation markers Fscn1 (Fascin1) 26 and Cacnb3, 27 whereas Cd209a + cells within the MoDCs/DC cluster showed enrichment in Ccr2 (Online Figure VII; Online Table VII) . These data suggest that the MoDC/DC cluster contains both Cd209a + monocyte-derived DC and a small population of putative mature, classical DC. Macrophages, TREM2 hi Macrophages, and MoDC/ DC Populate Aortas in Advanced Atherosclerosis
Res-Like Macrophages, Inflammatory
To evaluate whether the identified 3 major macrophage populations and MoDC/DC populate arteries also at a more advanced stage of atherosclerosis, we performed single-cell RNA sequencing analysis of total viable CD45 + leukocytes isolated from aortas of Ldlr −/− mice after 20 weeks of HFD (Online Figure VIII) . Adopting a similar unbiased analysis approach Table VIII) . Macrophages represented 49.6% of total CD45 + leukocytes ( Figure 5B ), suggesting an expansion of the global macrophage pool compared with the 11-week HFD time point (Figure 2) . Macrophages contained 46.3% Res-like macrophages, 40.3% Inflammatory macrophages, and 13.4% TREM2 hi macrophages ( Figure 5B ). Examination of macrophage subset frequencies relative to total CD45 + cells suggests that the increase in total macrophage levels appeared mostly because of an expansion of inflammatory macrophages (13.6% of all CD45 + cells at 11 weeks HFD to 20.0% at 20 weeks HFD) and Res-like macrophage (9.9%-23%), whereas levels of TREM2 hi macrophages only modestly changed (5.4%-6.6%). GO term analyses of Inflammatory macrophages, Res-like macrophages, TREM2 hi macrophages, and MoDC/DC furthermore revealed enriched biological processes strongly overlapping with findings in macrophage populations from aortas after 11 weeks of diet. For instance, TREM2
hi macrophages again displayed enrichment of specific functions, such as cellular catabolic, amide catabolic, and lipid catabolic processes (Online Figure IX; Online Table IX ). These data demonstrate that Inflammatory macrophages, Reslike macrophages, TREM2
hi macrophages, and MoDC/DC also populate aortas with advanced atherosclerosis. Table X) , leading us to hypothesize that higher resolution analysis would reveal Table XI ). This analysis revealed 3 distinct macrophage populations (APOE-macrophages 1, APOE-macrophages 2, and APOE-macrophages 3) representing 41.8%, 39.2%, and 19.0% of total macrophages, respectively. Examination of gene expression patterns revealed a strong overlap between APOE-macrophages 1 and Inflammatory macrophages, as well as APOE-macrophages 3 and TREM2 hi macrophages ( Figure 6C ; Online Table XI) . Although gene expression patterns did not obviously correspond to any of the macrophage populations observed in Ldlr −/− aortas, APOE-macrophages 2 showed enrichment in several genes found in Res-like macrophages (Lyz2, Txnip, Ccl9, F13a1, Folr2, Timp2, Sepp1, and Lyve1; Figure 6C ; Online Table XI ). These data demonstrate that Inflammatory macrophages, Res-like macrophages, and TREM2
Res-Like
hi macrophages also populate the atherosclerotic aorta of Apoe −/− mice.
Detection of Inflammatory Macrophages, Res-Like Macrophages, and TREM2 hi Macrophages Enriched Genes in Murine and Human Atherosclerotic Lesions
Although overlapping gene expression pattern prevent a definitive identification of macrophage subsets within aortas through immunohistochemistry, we sought to evaluate whether enriched genes associated with the 2 major atherosclerosis-associated macrophage populations, namely, Inflammatory macrophages and TREM2 hi macrophages, could be detected within murine lesions. IL-1β (interleukin 1β) was abundantly detected in LGALS3 + (Galectin 3) lesion macrophages ( Figure 7A ). Also, CD9, which had enriched expression in TREM2 hi macrophages versus other macrophage populations, could be detected in Lgals3 + macrophages in atherosclerotic plaques in the aortic sinus of Ldlr −/− mice. Interestingly, CD9 + macrophages seemed to preferentially localize inside and in the vicinity of necrotic areas rather than in the bulk of plaque macrophage foam cells ( Figure 7B ). To address whether products of genes enriched in macrophage subsets in murine atherosclerotic aortas could be detected in human lesions, we performed immunohistochemistry on endarterectomy carotid artery tissue samples from patients with high-grade carotid artery stenosis (>70%). Indeed, expression of products for genes enriched in Inflammatory macrophages (TNF-α [tumor necrosis factor-α] and TNFSF9
[tumor necrosis factor superfamily member 9]), Res-like macrophages (CXCL4, LYVE-1 [lymphatic vessel endothelial hyaluronic acid receptor], and TXNIP), and TREM2 hi macrophages (TREM2 and osteopontin) was detected in human lesional macrophages ( Figure 7C ; Online Figure XI) . We also performed a literature screen, which revealed that products from additional enriched genes in Inflammatory macrophages (TREM) 2 hi Mφ enriched genes in murine and human lesions. A, IL-1β (interleukin-1β) and LGALS3 (Galectin-3) immunostaining experiments in serial sections of murine aortic sinus lesions with DAPI (4',6-diamidino-2-phenylindole) nuclear counterstain (×200, bar=100 µm). B, Immunostaining for CD9 (red) and Lgals3 (green) with DAPI nuclear counterstain in murine aortic sinus lesions. Bars=100 µm (×200) and 50 µm (×400). C, CD68 and TREM2 (triggered receptor expressed on myeloid cells 2) immunostaining in human carotid endarterectomy specimens.
(Phlda1, Zfp36, Nlrp3, Atf3, Ccl3, Tlr2, Egr1, and Ccl2) and TREM2 hi macrophages (Gpnmb) were previously shown to be expressed within human and murine atherosclerotic lesions in colocalization with macrophages (Online Table XII ).
Discussion
Using single-cell RNA sequencing to unbiasedly investigate the leukocyte infiltrate in atherosclerosis, we uncovered here 3 major macrophage populations in atherosclerotic aortas, including 1 resident-like subset and 2 atherosclerosis-specific populations, and established their gene expression signature. We furthermore profiled the gene expression signature of atherosclerosis-associated aortic MoDC/DC and how it differs from macrophages. Importantly, these aortic macrophage and MoDC/DC populations were found at time points corresponding to intermediate and advanced lesion formation in Ldlr −/− mice and in a second murine model of atherosclerosis, namely, Apoe −/− mice, indicating that our findings are relevant at various stages of the disease and in the 2 most common murine models of atherosclerosis. Immunohistochemistry indicated that enriched genes associated with atherosclerosisassociated macrophages were detected in murine and human atherosclerotic lesions.
The 3 identified macrophage populations displayed a common expression of Apoe and genes encoding complement C1q chains, which are involved in critical atheroprotective functions of macrophages, such as reverse cholesterol transport, limitation of inflammation, and efferocytosis, respectively. [28] [29] [30] Likewise, expression of Mafb was shared by all 3 populations and controls macrophage survival in lesions. 31, 32 Transcription factor MAFB-mediated macrophage foam cell survival has been described as proatherogenic, 31 but transgenic Apoe −/− mice expressing a dominant-negative MAFB displayed features of plaque instability and larger necrotic cores. 32 In Ldlr −/− mice, all aortic macrophage subtypes, but not MoDC/ DCs, showed a high and relatively homogenous expression of Apoe. As APOE has been proposed to control mononuclear phagocyte survival, 33 this may underlie the strikingly lower proportion of macrophages in Apoe −/− aortas. These differences may contribute to strain-dependent differences in atherosclerotic lesion formation and diverging phenotypes between these models. In line with previous evidence, 34 the relative frequency of total macrophages among CD45 + leukocytes increased with disease progression. Our data suggest that this increase in relative macrophage levels is mostly because of an expansion of Res-like macrophages and Inflammatory macrophages, suggesting that a shift in macrophage populations may occur in advanced atherosclerosis. Whether absolute changes in the abundance or localization of these macrophage subsets or their effectors promote lesion development towards advanced plaque phenotypes, however, remains to be addressed.
The contribution of MoDC/DC to lesion formation relative to macrophages is unclear, in part because of the difficulty of distinguishing bona fide MoDC/DC from monocytes and macrophages using standard immunohistochemistry or flow cytometry methods and to the poor specificity of murine models aiming at targeting DCs versus macrophages (eg, CD11c cre and LysM cre mice). 6 Our analysis allowed us to perform a detailed comparison of gene expression patterns in MoDC/DC relative to macrophages. Indeed, although putative enriched biological functions were highly similar between MoDC/ DC and macrophages, MoDC/DC displayed a clearly distinct gene expression pattern. Further investigation of the function of such genes specifically expressed in MoDC/DC but not in macrophages may shed light onto the precise role of these cells in atherosclerosis and the mechanisms controlling their differentiation and function in the vascular wall. The set of genes specifically enriched in MoDC/DC contained the gene encoding AHR, which was recently demonstrated to control monocyte differentiation into DCs. 25 This could suggest that monocyte differentiation into MoDCs within atherosclerotic lesions may also be controlled by AHR.
Inflammatory macrophages displayed a gene expression profile of prototypical proinflammatory plaque macrophages, with expression of Il1b and also Nlrp3, indicating their ability to express and process IL-1β, a cytokine with a critical proatherogenic role both in mice 15 and humans. 35 Inflammatory macrophages also expressed other proinflammatory chemokines and cytokines (eg, Cxcl2 and Tnf) but interestingly also showed an enrichment in NF-κB (nuclear factor κB) inhibitors (Nfkbia (encoding IκBα), Nfkbiz (IκBζ), Nfkbid, and Ier3) and in the post-transcriptional suppressor of TNF-α expression Zpf36 (encoding TTP [tristetraprolin]), 14 previously shown to limit atherosclerosis.
14 Nr4a1 (NUR77) limits the inflammatory activation of macrophages in atherosclerosis 21 and was also preferentially expressed in this macrophage population, further suggesting that feedback inhibition pathways of inflammation are activated in Inflammatory macrophages, which may curtail overwhelming activation and regulate macrophage survival in atherosclerotic plaques. 20 Inflammatory macrophages were observed exclusively in atherosclerotic aortas, and we could detect expression of the product of their primary signature gene, IL-1β, in murine lesional macrophages, clearly suggesting that this macrophage population is accumulating within plaques in atherosclerosis. Inflammatory macrophages also highly expressed Ccl2, which has been shown in an aortic transplant model to be downregulated in lesional macrophages on plaque regression in laser microdissection studies. 36 Recently, it was furthermore proposed that plaque regression relies on recruitment of Ly6C hi monocytes and their differentiation into anti-inflammatory rather than proinflammatory macrophages, further emphasizing the critical impact of the plaque microenvironment on macrophage phenotype. 37 The gene expression profile of Res-like macrophages was reminiscent of so-called M2-polarized macrophages with expression of Folr2 and Mrc1 and low expression of proinflammatory cytokines, such as Tnf or Il1b, suggesting a rather antiatherogenic phenotype. However, some signature genes of this macrophage subset have previously been endowed with proatherogenic activities. For instance, Txnip and Pf4, 2 of the 3 most significantly enriched genes in Res-like macrophages relative to other macrophages, have previously been established to promote atherosclerosis in genetic mouse models. 22, 23 Although Pf4 is commonly considered as a megakaryocyte/ platelet-specific gene, a substantial (≈25%) Cre-mediated recombination has been reported in peritoneal macrophages in PF4-cre:ROSA-EYFP mice, 38 clearly suggesting that Pf4 can be expressed by macrophages. The exact localization of Res-like macrophages within the atherosclerotic artery is difficult to pinpoint. The presence of macrophages expressing Lyve1 5 and F13a1 13 in the nondiseased aorta suggests that Res-like macrophages contain bona fide resident adventitial macrophages. Some macrophages from atherosclerotic aortas clustered together with these cells, indicating similarity in their global gene expression profile, but showed higher Ccr2 and lower Lyve1 expression, respectively. As adventitial macrophages 5 (and tissue-resident macrophages in general 39 ) are thought to develop and self-renew independently of CCR2-dependent monocyte recruitment, this could indicate that atherosclerotic aortas contain monocyte-derived macrophages that adopt a phenotype similar to adventitial resident cells. Whether these cells populate the atherosclerotic plaque remains to be determined, but we could not readily identify any combination of genes that could be used for specific detection of these cells because of either lack of homogeneous expression in the Res-like macrophage population or significant expression overlap with other populations. Development of novel lineage-tracing models allowing specific and efficient tracking of aortic resident versus recruited macrophages will be required to resolve this issue.
We here uncovered a novel subset of aortic TREM2 hi macrophages. TREM2 expression by antigen-presenting cells has previously been described in human lesions and proposed to inversely correlate with plaque stability as its levels were reduced in symptomatic versus asymptomatic lesions. 40 We could also detect TREM2 and osteopontin expression in human lesional macrophages. GO term analyses suggest highly specialized functional features of TREM2 hi macrophages, for example, in lipid handling and catabolic processes. Interestingly, the gene expression signature of TREM2 hi macrophages seems to show surprising similarities to other macrophage lineages, namely, osteoclasts and disease-associated microglia. TREM2 hi macrophages display enrichment in numerous genes expressed by osteoclasts 11, 12 and involved in osteoclastogenesis (eg, Trem2, Cd9, Tyrobp, Gpnmb, and Fcer1g) and osteoclast function (eg, Spp1, Timp2, Ctsb, Ctsd, Ctsl, and Acp5). Like macrophages, osteoclasts derive from monocytic precursors, and differentiation of macrophages into osteoclasts in chronic inflammatory conditions, such as rheumatoid arthritis, has already been proposed and may also occur in atherosclerosis. 41 Calcification occurs in advanced atherosclerotic lesions, and microcalcifications in vulnerable plaques may increase local tissue stress and contribute to plaque instability. 42 The osteoclast-like phenotype of TREM2 hi macrophages thus suggests a specialized role in atherosclerotic lesion calcification.
The gene expression signature of atherosclerosis-associated TREM2 hi macrophages also shows striking similarities to the recently described TREM2-dependent disease-associated microglia in Alzheimer disease that localizes in the vicinity of amyloid-β plaques and in other neurodegenerative diseases. 43 The role of TREM2 signaling in myeloid cells in neurodegenerative diseases is unclear, as previous reports proposed both protective 43, 44 and pathogenic functions. 45, 46 Although their impact on plaque phenotype is unclear, Apo-AI-derived amyloid deposits have been described in atherosclerotic lesions, 47 raising the possibility that lesional TREM2 hi macrophages appear in their vicinity and play a role in the formation of such amyloid deposits in atherosclerosis. TREM2 was further shown to be necessary for maintaining microglia and macrophage metabolic fitness and preservation of their function in Alzheimer disease and under conditions of endoplasmic reticulum stress, which could also hold relevance for stressed macrophages in the plaque microenvironment. 48 The development of disease-associated mononuclear phagocytes with a similar gene expression profile in specific pathophysiological contexts and tissue microenvironments (ie, brain and arteries) raises questions as to their origin and differentiation. Disease-associated microglia were proposed to differentiate locally from microglia, 43 which are long-lived, self-renewing tissue-resident myeloid cells originating from yolk sac-derived erythro-myeloid progenitors. 49 However, TREM2 was also proposed to control levels of proinflammatory and pathogenic CD45 hi Ly6C + macrophages in a murine model of Alzheimer disease. 45 Whether aortic TREM2 hi macrophages differentiate locally from aortic resident macrophages or other sources (eg, arterial hematopoietic progenitors and recruited monocytes) remains to be determined. It has previously been speculated that the pathogenesis of Alzheimer disease and atherosclerosis share critical underlying mechanisms. 50, 51 Thus, regardless of their origin, TREM2-expressing disease-associated myeloid cells may arise in response to microenvironmental stressors commonly found in neurodegenerative and atherosclerotic disease, such as local inflammation, altered lipid metabolism, misfolded proteins, endoplasmic reticulum, and metabolic stress. The TREM2-dependent nature of final-stage disease-associated microglia 43 raises the possibility that arterial TREM2 hi macrophages also develop in a TREM2-dependent manner.
Our transcriptomics data clearly support the idea that using single markers to identify aortic or atherosclerotic lesion macrophage subtypes to infer their potential functional properties represents an overly reductive approach. Although it could be argued that Inflammatory macrophages and Res-like macrophages roughly resemble M1-and M2-polarized macrophages, we observed a substantial overlap in the expression of markers commonly used to define these subsets in atherosclerotic lesions in our identified macrophage populations (in particular of Mrc1 encoding CD206, often used as a M2 marker). Moreover, TREM2
hi macrophages did not display any gene expression patterns linking them to previously proposed atherosclerosis-associated macrophage subtypes. 24 Clec10a transcripts (encoding the proposed M2 macrophage marker CD301) again seemed to be restricted to the MoDC/DC cluster. Interrogation of gene expression patterns furthermore revealed heterogeneous gene expression also within distinct populations (eg, Il1b in Inflammatory macrophages). We actually did not identify any gene with a sufficiently homogeneous expression in either of the macrophage populations but not in the other 2 macrophage subsets that could qualify as a bona fide marker. These findings also clarify that applying the rigid, simplified nomenclature previously defined in vitro cannot readily capture the aortic and lesional macrophage heterogeneity.
Finally, we performed immunohistochemical analyses of human carotid artery lesions and detected the expression of products of several genes enriched in Inflammatory macrophages (TNF-α and TNFSF9), Res-like macrophages (LYVE-1, CXCL4, and TXNIP), and TREM2 hi macrophages (TREM2 and osteopontin). Although this provides proof-of-concept that these genes can be expressed in human lesional macrophages and may have functional relevance in this setting, it remains to be determined whether similar macrophage subsets populate human lesions. Indeed, the macrophage subpopulations we uncovered by single-cell RNA sequencing analysis in murine aortas were characterized by a pattern of gene expression encompassing several dozens of genes rather than by the expression of clearly segregating markers. In addition, immunohistochemistry reveals presence/absence of gene products but is poorly suited to accurately measure gene expression levels.
Several limitations of our study should be acknowledged. and Ldlr −/− aortas. Although our data clearly suggest highly overlapping gene expression patterns in macrophage subsets in these various conditions, the impact of lesion progression or genetic background on the fine-tuning of macrophage transcriptional profiles will require further investigation. Second, single-cell RNA sequencing is inherently limited to the measure of transcript levels and cannot detect other mechanisms potentially impacting macrophage function, such as, for example, regulation of mRNA translation through microRNAs 52 or RNA-binding proteins, 53 processes of cytokine maturation (eg, processing of IL-1β through the NLRP3-inflammasome) 16 or proteolytic cleavage of phagocytic receptors such as Mertk in advanced lesions. 54 In conclusion, based on an unbiased single-cell RNAsequencing approach, we here established the transcriptional signature of 3 major macrophage populations and MoDC in murine atherosclerotic arteries. In particular, we demonstrated the existence of a previously unrecognized atherosclerosisassociated TREM2 hi macrophage population with putative highly specific functions. Furthermore, we unraveled many novel candidate genes preferentially enriched in these populations. Harnessing these genes may allow further exploring and targeting of distinct macrophage and MoDC populations and their functions in atherosclerosis, providing a valuable resource for researchers in the field.
